I. INTRODUCTION
Recent precision measurements of magnetic moments of low lying levels of nuclei, in particular near shell closure ͓1-4͔, have highlighted the difficulties encountered by nuclear models in explaining the structure of these nuclei as a function of mass number A, spin, and energy. Large discrepancies between predictions of the standard single particle and collective models show that, for even the lowest levels, the interplay between single particle configurations and collective excitations substantially alters the structure. These effects are most noticeable in the magnetic moments. The 60 Nd isotopes provide a particularly good laboratory to study these interactions, as they span a mass region which encompasses spherical, single particle nuclei near the neutron closed shell at Nϭ82, vibrational and rotational nuclei.
In contrast to transition probabilities which relate to wave functions of both the initial and final states, g factors probe the microscopic structure of the individual states' wave functions. The g factors of the 2 1 ϩ in the Nd region have already been measured ͓5-9͔. These measurements have demonstrated that the removal of neutrons from 150 Nd, lying in the middle of the 50ϽZϽ82 and 82ϽNϽ126 shells, induces significant changes in the microscopic wave functions. Calculations within the framework of the IBM-II model ͓10,11͔ have been remarkably successful in describing the g factors of nuclei from Ru through Te and Ba through Os in the regions 44ϽZϽ56, 54ϽNϽ78, and 56ϽZϽ78, 88ϽN Ͻ120, albeit with some glaring discrepancies. The g factors of the Nd and Sm isotopes show a marked deviation from the prediction for the lighter isotopes. In fact, the g factors decrease with decreasing neutron number instead of increasing. As a possible resolution of the observed discrepancy in Nd and Sm, it has been proposed that the energy gap between the 1h 11/2 and the 2d 5/2 orbitals, large for NϽ88, yields closure of a subshell at Zϭ64. Thus, the proton bosons need to be counted from Zϭ64 and not 50 ͓12͔. For heavier nuclei, the attractive pn interaction between the partially filled (1h 9/2 ) neutron orbital and the (1h 11/2 ) proton configuration erases the subshell gap and restores shell closure at Zϭ50. However, even this hypothesis does not resolve the discrepancies. It appears more likely that the drop in g as the closed shell Nϭ82 is approached is caused by dominating single neutron configurations.
Examination of the evolution of g with spin can further highlight the impact of specific single particle configurations on the excited state's wave function. IBM-II and other collective models predict g(4 1 ϩ ,6 1 ϩ )ϳg(2 1 ϩ ). Different scenarios need to be considered to explain the structure of the high spin and low spin (Iр8 ϩ ) states of these nuclei. ) . In 150 Sm, the isotone to 152 Gd, the ratio g(4 1 ϩ )/g(2 1 ϩ ) appears to be larger than unity ͓13,21͔.
Variations in the g factors of excited states have been observed near Nϭ8 and Nϭ50 shell closures. It is evident from measurements of the g factors of the 2 1 ϩ and 4 1 ϩ states in the O and Zr nuclei that single particle configurations play a major role in the wave functions, and as spin increases, configuration mixing decreases, and the wave functions become purer. A recent analysis of the g factors of the 2 1 ϩ and 4 1 ϩ states of 18, 20 O and 92, 94 Zr showed that the wave functions of these states are indeed dominated by the d 5/2 neutron configuration ͓4͔. The levels of the Nd isotopes becomes very interesting.
A new technique has been successfully developed, combining Coulomb excitation of heavy beams in inverse kinematics by a light target with the transient field technique ͓3͔. This method allows for high yield and hence high precision measurements of the 2 1 ϩ states at low beam energies, but also large excitation of higher spin states at higher beam energies. In the present measurements, the 2 1 ϩ and 4 1 ϩ states in 144, 146, 148, 150 Nd, the 6 1 ϩ in 144, 148, 150 Nd, and the 8 1 ϩ and 10 1 ϩ states in
150
Nd were populated with sufficient intensity to allow g-factor measurements. Partial level schemes of the isotopes studied, showing mainly the transitions observed in the present experiment, are shown in Fig. 1 . The available spectroscopic information is presented in Table I ͓22͔.
II. EXPERIMENTAL TECHNIQUE
Over the past 20 years, magnetic moments of short-lived nuclear states have been measured by the transient field technique. In its conventional application, heavy target nuclei are Coulomb excited by lighter ion beams and are ejected from the target material with high velocity. If the beam ions are detected in an annular detector located at 180°with respect to the beam direction, the reaction results in alignment of the magnetic substates of the excited nuclei. These nuclei subsequently traverse a ferromagnetic material such as iron or gadolinium in which they interact with the transient magnetic field. The net effect of this interaction is a precession of the angular correlation of decay ␥ rays which is directly proportional to the magnetic moment of the excited state under study.
In the present experiment, it is the heavy beam ion that is Coulomb excited by a lighter target nucleus. The excited projectiles traverse the ferromagnetic layer where they experience the spin precession in the transient magnetic hyperfine field before they stop in a backing of the target made of a cubic medium, where no further interaction takes place. The light target ions are scattered forward and need to have sufficient energy to exit the target and the beamstop. They are detected in a detector located at 0°with respect to the beam. The measurement of the ␥ rays emitted by excited projectiles in coincidence with the target nuclei is an essential element of the technique. It ensures that the observed ␥ rays originate from excitations in the target and from states with good alignment. The requirements for the light target material are threefold: sufficient excitation of the projectiles, sufficient energy after the collision to traverse all the target layers as well as the beamstop, and low target excitation with deexcitation ␥ rays of energies different from those of the projectile ␥ rays. Due to the kinematic focusing, the technique ensures high efficiency for detection of the reaction products in the forward direction, allowing access to weakly populated higher spin states, as well as providing the high velocity of the recoiling ions essential for transient field measurements. The technique has the advantage of keeping the experimental conditions fairly constant for different isotopes, including the use of the same target for each isotope, and thus allows for very accurate relative measurements.
The technique of Coulomb excitation of beams provided by the ion source of the accelerator combined with transient fields has been successfully applied to the measurement of g factors of the light and medium heavy nuclei 46, 48 Ti, 50, 52 Cr ͓1,2͔, 74, 76, 78, 80, 82 Se ͓3͔, and 92, 94 Zr ͓4͔. The present work represents the first application of the technique to heavy systems in the Aϭ150 region. Unmarked transitions appearing in the spectra were identified but were not analyzed because they were too weak. The experimental details for measuring magnetic moments of short-lived excited states by the transient field technique in both standard ͓25͔ and inverse kinematics ͓3͔ have been described in previous publications. Only details pertaining to the current measurements are presented here. Two sets of experiments were carried out. Isotopic beams of 144, 146, 148, 150 Nd near 285 MeV were provided by the Wright Nuclear Structure Laboratory ͑WNSL͒ ESTU tandem Van de Graaff accelerator at Yale University. Only the 2 1 ϩ states were excited at these beam energies. The resulting g(2 1 ϩ ) factors provided a consistency check for the use of inverse kinematics as well as for the determination of the transient field strength. The higher spin states were measured at the Lawrence Berkeley National Laboratory ͑LBNL͒, where isotopic beams of 144, 146, 148, 150 Nd were accelerated to between 584 and 608 MeV by the 88 Inch Cyclotron.
Energies and target specifications were chosen to keep the velocities of the beam ions within the gadolinium foil comparable to those at lower beam energies, and to allow the cyclotron to switch beams with relative ease. Since these energies are close to the Coulomb barrier for Nd on Ni targets, E B ϳ650 MeV, particle transfer reactions can also take place. For instance, the (3/2)
Ϫ transition from 143 Nd, produced in neutron transfer from 144 Nd was observed at the beam energy at which the experiment was run. The major findings of the Berkeley experiments were reported in a short publication ͓26͔.
Two different targets were used for the low and high energy experiments. Each of these targets consisted of several layers. Natural Si or Ni layers were deposited on a gadolinium substrate, itself evaporated on a tantalum foil heated to 800 K. A copper or aluminum backing stopped the excited beam ions. An additional copper foil was placed behind each of the targets to stop the beam. The details of the target layers are summarized in Table II. The thicknesses of the target layers were chosen to ensure that the excited Nd ions traversed the gadolinium layer with a velocity 2v 0 рvр6v 0 , where v 0 ϭe 2 /ប is the Bohr velocity. The specifics of the reaction kinematics are presented in Table III .
The WNSL target was cooled to ϳ50 K by a closed-cycle helium refrigerator, while at LBNL, the target and beam stop were mounted on the tip of a liquid nitrogen dewar and maintained at a temperature of ϳ77 K. In both cases, the temperature was monitored with a thermocouple connected to the target frame.
The magnetizations of the targets were measured in an AC magnetometer ͓27͔ before and after each experiment. The magnetization was effectively constant between 40 K and 100 K and did not change as a result of the bombardment. During the experiment an external magnetic field of 0.06 T was applied to the target to magnetize the gadolinium foil. The field direction, perpendicular to the ␥-ray detection plane, was changed every 3-5 min. The recoiling target ions were detected by a 100 m thick passivated implanted planar silicon detector placed at 0°, 28 mm away from the target. The particle detector subtended an angle of Ϯ19°, corre- Nd recoil angular range of Ϯ20°. The ␥ rays were detected in coincidence with the Si or Ni ions.
In the experiments at WNSL, four 12.7 cmϫ12.7 cm NaI(Tl) scintillators at distances of 17 cm from the target position were used. The detectors were positioned at Ϯ66°a nd Ϯ114°with respect to the beam direction for the precession measurements. A Ge detector was included in the setup to ensure the absence of any interfering ␥ lines in the spectra. In the LBNL experiments, Ge detectors had to be used to resolve the transitions from higher spin states. Hence, four Ge detectors of approximately 25% efficiency, located 6.8 cm away from the target, were positioned at Ϯ62°and Ϯ118°with respect to the beam direction during the precession measurements. Typical spectra are shown in Figs. 2 and  3 .
The ␥-ray anisotropies have been measured in both the WNSL and LBNL experiments. For these, pairs of detectors were placed, alternately, at angles close to Ϯ45°or Ϯ135°a nd Ϯ90°.
III. DATA ANALYSIS
The measured precession effect ⑀ for the radiation deexciting a certain state can be expressed as ͓3͔
where ϭ( 14 / 23 ) 1/2 is determined from the double ratios
where the coefficients i, jϭ1,2,3,4 represent the four detectors; N i, j ↑ and N i, j ↓ are the coincidence counting rates of the photopeak of the ␥ transition in the ith or jth detector with the external field pointing ''up'' (↑) or ''down'' (↓) with respect to the ␥-ray detection plane. The ␥-ray photopeak intensities have been corrected for random and background rates. Calculations were carried out in the center of mass system. Similar ''cross ratios'' c ϭ( 24 / 13 ) 1/2 and ⑀ c were calculated to check for systematic effects that might mask the true precession. In all cases, vanishingly small ⑀ c values were obtained, as expected. The precession angles ⌬ are derived from the measured ⑀'s through the relationship ⌬ϭ⑀/S, ͑3.3͒
where S( 0 )ϭ͓1/W( 0 )͔•͓dW()/d͔͉ ϭ 0 is the logarithmic slope of the angular correlation at the angles of interest 0 . The unperturbed angular correlations measured previously ͓7,8͔ showed an attenuation of the correlations of the 2 1 ϩ →0 1 ϩ transitions in 148, 150 Nd which has been attributed to paramagnetic effects resulting from the long lifetimes of the 2 1 ϩ states in these isotopes. In the Yale experiments, the slopes of the 2 1 ϩ →0 1 ϩ transitions in 144, 146, 148, 150 Nd were derived as described in ͓28͔ from the measured ratios of counts in pairs of detectors, 
The average of these ratios, ͗R͘, and the resulting slopes are displayed in Table IV . The measured dependence of the attenuation of the slope of the angular correlation with lifetime of the state is in agreement with the observations of previous measurements ͓7͔. Similar data were obtained for the LBNL measurements. However, the extraction of slopes was complicated by absorption effects in the experimental layout at the angles where the anisotropies were measured. The ensuing necessary corrections increased the experimental uncertainties. Therefore, the angular correlations W() were calculated from the Winther-deBoer COULEX code, and the derived slopes are shown in Table V . The W()'s reflect the excited state's spin alignment, which, in turn, depends primarily on the acceptance angle of the coincidence particle detector, and only weakly on the transition matrix elements. These, unfortunately, are not known for many of the higher spin states. In these cases, the B(E2;I→IϪ2) for the unknown state was assumed to be equal to that of the state below it. It is noteworthy that varying the B(E2)'s by as much as a factor of four had a negligible effect on the calculated slopes. In addition, the theoretical slope of the 2 1 ϩ →0 1 ϩ transition in 148 Nd was corrected for the attenuation due to paramagnetism as determined from the low energy data obtained at Yale. Since in all cases, the experimental slopes were in agreement with the theoretical calculations within experimental errors, the theoretical slopes were adopted for the analysis of the precession data.
The determination of the precession angles ⌬ of the highest excited state in each isotope follows directly from the measured precession and the slope of the angular correlation. However, the determination of the precession angle ⌬ for the lower states, in particular the 2 1 ϩ states, required a more elaborate analysis due to significant contributions to the observed precession due to feeding from the precursor states ͑Fig. 1͒. The precessions of the higher states, which must be taken into account explicitly, are characterized by the population strength and the appropriate angular correlations.
Since the population of the 2 1 ϩ states due to feeding is dominated by stretched E2 transitions within the ground state bands, the measured effects ⑀ for the 2 1 ϩ states can be expressed as ͓3͔
where ⑀ i is the precession effect that would be observed for a directly excited ith state, W i ( o ) is the angular correlation function at the angle 0 of the ith transition, and P i represents the population strength of the ith state which is proportional to the total Coulomb excitation cross section for that state. At high beam energies, a substantial portion of the strength of the lower state's population is fed in the decay from higher states, thus limiting the precision with which g(2 1 ϩ ) can be measured. This limitation is especially significant for the heavier Nd isotopes, which have high excitation probabilities for the higher spin states, precluding a measurement of g(2 1 ϩ ) in 150 Nd. The populations P i of each of the states can be determined from COULEX calculations of the cross sections. Such calculations depend on the input of reliable transition matrix elements. As B(E2)'s are not known for many of the states of interest in this work, level populations had to be measured. The relative intensity of all transition lines was determined from the ␥ spectra of the precession runs at Ϯ62°, Ϯ118°. This intensity was corrected for relative efficiency of the Ge detector, absorption, internal electron conversion, and the calculated theoretical angular correlation, including the feeding from higher states. The populations of each of the states were then obtained ͑with negligible statistical uncertainties͒, and are shown in Table VI .
The precession angles ⌬ can now be derived from the measured ⑀ values and the determined S i ( 0 ),P i , and W i ( 0 ). The results are summarized in Table VII. Ni target, and ␥-␥ coincidence data were recorded. From the ratio of the intensities of the (4 1 ϩ →2 1 ϩ ) and (2 1 ϩ →0 1 ϩ ) ␥-ray lines in coincidence with the (6 1 ϩ →4 1 ϩ )ϩ(3 1 Ϫ →2 1 ϩ ) transitions, it was found that (17Ϯ0.5)% of the intensity belonged to the 6 1 ϩ state. Without knowing the g factor of at least one of these states, it is impossible to determine the g factor of the other. However, limits based on extrapolation from the results of the 144, 148 Nd data can be placed on the g factors of the lower spin states with the assumption that Ϫ0.3рg(6 1 ϩ )р0.3. The 2 1 ϩ state is so strongly populated directly that the uncertainty in g(6 1 ϩ ) within this range has a negligible effect. Since the contribution from the 6 1 ϩ state is so small, and the 4 1 ϩ state is not fed by the 3 1 Ϫ state, the range of possible g(4 1 ϩ ) given the assumption for the range of g(6 1 ϩ ) values is comparable to the size of the statistical error.
IV. RESULTS
The g factors are finally determined from the expression
where B, the transient field, is a function of the velocity v and atomic number Z of the projectile ion, is the mean lifetime of the state being examined, and t in and t out are the mean entrance and exit times of the ions into or out of the ferromagnet. The Rutgers parametrization of the transient field was used ͓30͔. The resulting g(2 1 ϩ ) factors are compared with previous measurements in Table VIII. The quoted errors are statistical in all cases. The WNSL g factor results are in excellent agreement with those of previous measurements ͓6-8͔, a result particularly gratifying given that the current measurements use a different technique and gadolinium as the ferromagnet instead of iron. The LBNL g(2 1 ϩ ) data obtained at higher beam energies are also in good agreement with the previous data.
The g(I) factors obtained are shown in Table IX and Fig.  4 . It should be noted that while the absolute g factors are subject to certain systematic uncertainties, such as may result from the parametrization of the transient field, the relative g factors are not. The current measurements were obtained with a single target under nearly identical experimental conditions. Beam energies, for example, were adjusted so that the Nd ions of each isotope entered and exited the Gd foil with the same velocities. Thus, any systematic effects would alter the results equally, maintaining the trends in the g factors as a function of neutron number and angular momentum.
V. DISCUSSION

150
Nd is a classical rotational nucleus, with prolate deformation, as evidenced by the unambiguous signature of the ratio E(4 1 ϩ )/E(2 1 ϩ )ϭ2.93, the static quadrupole moment of the 2 1 ϩ state, QϭϪ2.00(51) e b, and the B(E2;2 1 ϩ →0 1 ϩ ) ϭ115 W.u. For such a nucleus, it is expected that the g factors of all the states in the rotational band will be equal and near Z/Aϭ0.4, a prediction confirmed by the data.
The data show that as neutrons are removed and N approaches the magic number 82, the g factors decrease continuously, as do the B(E2;2 1 ϩ →0 1 ϩ )'s ͑Table I͒ and the 
